Data from cytological and genetic mapping studies suggest that maize arose as a tetraploid. Two previous studies investigating the most likely mode of maize origin arrived at different conclusions. Gaut and Doebley [7] proposed a segmental allotetraploid origin of the maize genome and estimated that the two maize progenitors diverged at 20.5 million years ago (mya). In a similar study, using larger data set, Brendel and colleagues (quoted in [8]) suggested a single genome duplication at 16 mya. One of the key components of such analyses is to examine sequence divergence among strictly orthologous genes. In order to identify such genes, Lai and colleagues [10] sequenced five duplicated chromosomal regions from the maize genome and the orthologous counterparts from the sorghum genome. They also identified the orthologous regions in rice. Using positional information of genetic components, they identified 11 orthologous genes across the two duplicated regions of maize, and the sorghum and rice regions. Swigonova et al.
It is generally believed that maize, Zea mays L., arose as a tetraploid. The evidence for this argument comes from the finding that the maize genome is largely (up to 72%) duplicated [1] [2] [3] [4] [5] and that the maize genome aligns in two chromosomal sets with other grass genomes [6] , indicating the presence of two maize subgenomes. In addition, because many maize relatives from the tribe Andropogoneae have five haploid chromosomes in their nuclei, the most parsimonious explanation is that two maize progenitors, both bearing five haploid chromosomes, hybridized to give rise to a tetraploid maize. Despite extensive evidence supporting a tetraploid origin for maize, the exact mode of its origin remains unclear.
The primary study investigating the polyploid history of maize was by Gaut and Doebley [7] , who examined the pattern of sequence divergence among 14 pairs of duplicated maize genes (homoeologues). They considered three models of tetraploid formation: autotetraploidy (intraspecific genome duplication), genomic allotetraploidy (interspecific genome hybridization) and segmental allotetraploidy (hybridization of two partially differentiated genomes). According to the mechanism of chromosomal pairing during cell division, they predicted a unimodal distribution of synonymous distances (dS ) between maize duplicated genes for the autotetraploid and genomic allotetraploid models, with the single peak of the distribution referring to the time of switch from tetrasomic to disomic inheritance in the case of autotetraploidy, and to the time of divergence of the two diploid progenitor genomes in the case of genomic allotetraploidy. Bimodal distribution of dS was expected for the segmental allotetraploid model, with one peak referring to the divergence time of the two diploid ancestors (the more diverged part of the ancestral genomes) and another representing the time of switch from tetrasomic to disomic inheritance (onset of divergence of non-diverged part of the ancestral genomes). On the basis of a recovered bimodal distribution of dS between the 14 duplicated maize genes, Gaut and Doebley proposed a segmental allotetraploid origin of maize genome and estimated that the two maize progenitors diverged at ∼20.5 million years ago (mya) and that allotetraploidization occurred at ∼11.4 mya.
Using sequence divergence data from two genes (mdh and waxy), they further suggested that one of the maize progenitors was a closer relative of sorghum than of the other maize progenitor.
However, 6 years later, Volker Brendel and colleagues (Iowa State University, Ames) reanalysed Gaut and Doebley's data, and extended the dataset to many additional putative duplicated maize genes. They found that dS follows a normal distribution, indicating a single genome duplication event estimated to occur at ∼16 mya (quoted in [8, 9] ). Although they used improved models for dS estimation (codon-based likelihood model), their conclusions are tentative because the orthology of the maize duplicates could not be effectively assessed.
In order to identify genes that are clearly related by descent (orthologous), Lai and colleagues sequenced five duplicated loci ( Figure 1A ) from the maize genome, Zea mays L. ssp. mays cv. B73, and the orthologous regions from sorghum, Sorghum bicolor (L.) Moench [10] . Their screening of the bacterial artificial chromosome (BAC) libraries, with probes for the five targeted loci of the five targeted chromosomal regions, resulted in single contiguous series of clones (contigs) for each of the regions in sorghum and in two contigs in each case for maize, indicating that all five regions are unique in sorghum and duplicated in maize [10] . Their finding is in agreement with the results of genetic map comparison studies of grass taxa [6, 11] , showing that the sorghum genome, although having the same number of chromosomes as maize (N = 10), aligns with the rice genome in a single chromosomal set.
Sequencing of 18 maize BACs and six sorghum BACs and their alignment with orthologous regions from the rice genome yielded more than four million base pairs of genetic information, within which Lai et al. identified 11 genes that were shared by rice and sorghum and were duplicated in homologous regions of maize ( Figure 1B , [10] ). Using sequence data for the 11 orthologous genes, Swigonova et al. reexamined the probable origin of the maize genome [12] . Having the data from three grass species, including sorghum as a sister taxon to maize and rice as an outgroup, they performed phylogenetic analyses, including maximum parsimony and maximum likelihood methods. However, the resolution within the recovered gene trees, as indicated by low bootstrap values and short internodes, was confounded by the close relationship of sorghum and maize vs. a large evolutionary distance to the outgroup, rice. Only one of the gene trees, the r1/b1 gene tree, was found to be statistically different from a non-resolved (trichotomous) tree, showing that the b1 locus from maize chromosome 2S is slightly closer to sorghum than it is to the r1 locus from maize chromosome 10L, supporting an allotetraploid origin of maize. However, the internode is very short, and raises the possibility that other factors, such as different expression in different tissues, might have influenced the nucleotide substitution rates in r1/b1 genes, leading to the present pattern of observed distances among the r1/b1 gene orthologues. Nevertheless, the short internode in the r1/b1 gene tree is consistent with the important finding of their study that the two maize progenitor genomes and the sorghum progenitor genome diverged from each other within a very short time period.
To examine the robustness of the results obtained from the phylogenetic analyses, Swigonova et al. performed analogous analyses on the 11 gene orthologues [12] . As in the two previous studies, they investigated sequence divergence among the gene duplicates of maize, but extended the examination to the sorghum gene orthologues. Using a codon-based likelihood model for distance estimation [13] and assuming that rice diverged from the ancestor of maize and sorghum at 50 mya [14] , they found that rates of synonymous substitution among the 11 orthologous genes differ by 2.6-fold. In order to account for such a significant difference in rate among genes, they estimated the coalescent times for each pair of maize homoeologues and analysed the coalescent times for each pair of sorghum and maize orthologues. To calculate the coalescent time of two orthologues, they developed formulae that incorporated weighted means to account for variance information in the estimates (Lai et al., unpublished) . In contrast to previous studies, they used gene-specific rates of synonymous substitution to estimate the coalescent time of two orthologous sequences. Homogeneity tests [7] on coalescent times of each pair of sorghum and maize orthologues showed a common time interval. However, homogeneity tests performed on the maize duplicated genes indicated that the tbp1/2 gene pair of maize diverged at a different time than all other gene duplicates. Moreover, tbp1/2 also exhibited the smallest variance of synonymous distance and the smallest non-synonymous distance, despite the rather elevated rate of synonymous substitution (11.61 × 10 −9 ). Therefore, they suspected that the maize tbp1/2 gene pair is the product of a gene conversion event between the two homoeologous regions that occurred roughly 4.8 mya. All the other maize duplicated genes diverged at the same time, indicating contemporaneous duplication of the five chromosomal regions and therefore supporting whole genome duplication (tetraploidy). Since the coalescent times of each pair of sorghum and maize orthologues are statistically similar to the coalescent times estimated for each pair of maize homoeologues (except tbp1/2 ), the distance analyses furthermore support the results of phylogenetic analyses that the two progenitors of maize diverged from each other at about the same time as both of them diverged from sorghum, approximately 11.9 mya.
In conclusion, Swigonova et al. [12] showed that the origin of maize might be traced to a more recent time than concluded by Gaut and Doebley [7] , approximately 11.9 mya when the two maize progenitors and the sorghum progenitor diverged from each other. The time of the tetraploidization cannot be determined from their data. However, if the tbp1/2 gene pair in maize is indeed the result of a homoeologous conversion, then the tetraploidization must have occurred before 4.8 mya and therefore preceded the major expansion of the maize genome by retrotransposition and gene amplification that has been estimated to occur within the last 5 million years [15] .
